Abstract Purpose: Gene expression profiling identified receptor tyrosine kinase ROR1, an embryonic protein involved in organogenesis, as a signature gene in B-cell chronic lymphocytic leukemia (B-CLL). To assess the suitability of ROR1 as a cell surface antigen for targeted therapy of B-CLL, we carried out a comprehensive analysis of ROR1protein expression. Experimental Design: Peripheral blood mononuclear cells, sera, and other adult tissues from B-CLL patients and healthy donors were analyzed qualitatively and quantitatively for ROR1 protein expression by flow cytometry, cell surface biotinylation,Western blotting, and ELISA. Results: ROR1 protein is selectively expressed on the surface of B-CLL cells, whereas normal B cells, other normal blood cells, and normal adult tissues do not express cell surface ROR1. Moreover, cell surface expression of ROR1 is uniform and constitutive, i.e., independent of anatomic niches, independent of biological and clinical heterogeneity of B-CLL, independent of B-cell activation, and found at similar levels in all B-CLL samples tested. The antibody binding capacity of B-CLL cell surface ROR1was determined to be in the range of 10 3 to 10 4 molecules per cell. A portion of B-CLL cell surface ROR1 was actively internalized upon antibody binding. Soluble ROR1protein was detectable in sera of <25% of B-CLL patients and a similar fraction of healthy donors at concentrations below 200 ng/mL. Conclusions: The restricted, uniform, and constitutive cell surface expression of ROR1protein in B-CLL provides a strong incentive for the development of targeted therapeutics such as monoclonal antibodies.
. In addition, expression of ZAP-70, an intracellular tyrosine kinase normally involved in T-cell activation, was shown to be a prognostic marker of the clinical course of B-CLL (5) . Unmutated IgV H and expression of ZAP-70 mRNA strongly correlated with aggressive B-CLL. Despite this clinical and biological heterogeneity, B-CLL is considered to be one disease (2) .
Currently, the standard first-line treatment of B-CLL is the administration of fludarabine. Various combinations of fludarabine with cyclophosphamide and the anti-CD20 monoclonal antibody (mAb) rituximab have further increased the overall response rate and are considered steps toward managing but not curing B-CLL (6) . In 2001, alemtuzumab, an anti-CD52 mAb, was approved by the Food and Drug Administration for second-line treatment of B-CLL (7 -9) . A number of clinical trials test various combinations of chemotherapy and mAb therapy as well as mAb therapy alone for both first-line and second-line treatment of B-CLL. Although these clinical trials are dominated by rituximab and alemtuzumab, several new mAb targeting different B-cell surface antigens, such as CD23, CD25, and CD40, have entered clinical trials. 4 However, none of these antigens, including CD20 and CD52, are exclusively expressed by B-CLL cells, resulting in reduced mAb activity and increased mAb toxicity. Thus, there is a need for the discovery of unique cell surface antigens that can mediate B-CLL -specific mAb therapy.
Gene expression profiling of B-cell malignancies on a genomic scale in two independent studies (10, 11) led to the discovery of a common B-CLL signature with genes whose transcripts (a) were more abundant in B-CLL mRNA samples when compared with mRNA from other B-cell malignancies and normal B cells, and (b) were equally abundant in IgV Hmutated and IgV H -unmutated B-CLL mRNA samples. A fraction of these B-CLL signature genes encoded presumed cell surface proteins that may be potential target antigens for mAb therapy of B-CLL. One such B-CLL signature gene, which was discovered independently in both studies, encodes the receptor tyrosine kinase ROR1. The only other member of the ROR family (12) , ROR2, shares 58% amino acid sequence identity with ROR1 but did not emerge as B-CLL signature gene. ROR1 and ROR2 are composed of a distinguished extracellular region with one immunoglobulin domain, one frizzled domain, and one kringle domain, followed by a transmembrane region and an intracellular region that contains a tyrosine kinase domain (Fig. 1B) . Human and mouse ROR1 and ROR2 share 97% and 92% amino acid sequence identity, respectively (13) . Gene knockout studies in mice have shown the critical roles for ROR1 and ROR2 in brain, heart, lung, and skeletal organogenesis (14, 15) . Northern blotting and in situ hybridization analyses revealed the spatiotemporal expression pattern of ROR1 and ROR2 mRNA in embryonic mouse and rat tissues and their postnatal down-regulation (12, 16, 17) . Candidate ROR1 and ROR2 ligands include secreted proteins of the Wnt family that signal through cell surface receptors with frizzled domains (18) . For example, ROR2 and Wnt5a were shown to interact functionally and physically (19, 20) . Functional ROR1 ligands, however, have remained unknown. Interestingly, in a recent study that used siRNAs to systematically knock down all known and putative human kinases in the human cervical cancer cell line HeLa, ROR1 emerged as an inhibitor of apoptosis (21) . This finding together with the selective expression of ROR1 mRNA in B-CLL suggests a functional role in the survival of B-CLL cells. In this study, we evaluate ROR1 as a cell surface antigen for targeted therapy of human B-CLL.
Materials and Methods
Clinical samples. Untreated B-CLL patients were enrolled in an institutional review board -approved observational study protocol at the NIH, Bethesda, MD (5) . Peripheral blood mononuclear cells (PBMC) were prepared from blood samples by density gradient separation on lymphocyte separation medium (ICN Biochemicals) and cryopreserved until use (n = 32). Matched lymph node biopsy, peripheral blood, and bone marrow aspirate specimens from four patients were also included in the analysis. PBMC from healthy donors were prepared as described above (n = 6). Serum samples from B-CLL patients and healthy donors were prepared from clotted blood and stored at -80jC. The IgV H mutational status of the B-CLL cells was determined by reverse transcription-PCR (RT-PCR) followed by DNA sequencing as described elsewhere (5) . DNA sequences with >2% deviation from any germ line IgV H DNA sequence were considered mutated.
Cell lines. EBV-transformed B lymphoblastoid cell lines from normal B cells of B-CLL patients and healthy donors were established as described (22) . B-CLL cell line EHEB was obtained from the German Collection of Microorganisms and Cell Cultures (23) . B-CLL cell line 232-B4 was kindly provided by Dr. Anders Rosén (Linkö ping University, Linkö ping, Sweden; ref. 24) . Human embryonic kidney (HEK) 293F cells (Invitrogen) were transiently transfected with a mammalian expression vector that contained the full-length cDNA of human ROR1 under control of a cytomegalovirus promoter (OriGene).
Gene expression profiling. All data from gene expression profiling presented in Fig. 1A are available online 5 and are based on a previously published investigation on a cohort of 107 B-CLL patients (5) .
RT-PCR and DNA sequencing. Total RNA was prepared from 2 Â 10 7 PBMC using TRI Reagent (Molecular Research Center) and retrotranscribed using SuperScript III Reverse Transcriptase (Invitrogen). ROR1 cDNA encoding fragments were amplified with FastStart Taq DNA Polymerase (Roche Applied Science) using the following seven combinations of primers: ROR1-1F/ROR1-1B, ROR1-1F/ROR1-2B, ROR1 -2F/ROR1 -2B, ROR1 -2F/ROR1 -3B, ROR1 -3F/ROR1 -3B, ROR1 -3F/ROR1-4B, and ROR1 -4F/ROR1-4B. The resulting seven overlapping ROR1 cDNA fragments were directly analyzed by DNA sequencing using the corresponding flanking primers. For analysis of the single nucleotide polymorphism located at position 1928, primer combinations ROR1-2F/ROR1-3B and ROR1-3F/ROR1-3B were used. Listed below are the primer sequences and positions referring to ROR1 mRNA Genbank locus NM_005012 with 5 ¶ untranslated region (1-375), coding sequence (376-3189), and 3 ¶ untranslated region (3190-3358).
Qualitative flow cytometry. Multiparameter flow cytometry was done in a FACSCalibur instrument (BD Biosciences; Immunocytometry Systems) using the following fluorochrome-conjugated antibodies: G1-FITC/G2a-PE, CD3-FITC/CD19-PE, and CD5-FITC/CD19-PE (twocolor reagents; all from BD Biosciences); CD5-APC, CD19-FITC, CD19-PE, CD19-APC, CD80-PE, CD83-PE, CD86-PE, CD54-PE, and CD58-PE (all from BD Biosciences); and CD61-Cy5.5 (Invitrogen). Affinity-purified polyclonal goat anti-human ROR1 (gahROR1 pAb), polyclonal goat anti-human ROR2 antibodies (gahROR2 pAb), and polyclonal goat anti-human CD5 antibodies (gahCD5 pAb) were used as primary antibodies (R&D Systems). Swine anti-goat-FITC (Invitrogen), donkey anti-goat-PE, and mouse anti-goat-Cy5 conjugates (Jackson ImmunoResearch Laboratories) were used as secondary antibodies. Approximately 5 Â 10 5 cells were used for staining with appropriate primary and secondary antibodies following standard procedures, and propidium iodide was added to exclude dead cells from analysis. A total of 20,000 gated events were collected for each sample in a list mode file, and data analysis was done using CellQuest software (BD Biosciences). The values were depicted as mean fluorescence intensity (MFI).
Quantitative flow cytometry. The Quantum Simply Cellular Microbeads kit (Bangs Laboratories) was used to quantify the surface expression of ROR1 on B-CLL cells. B-CLL cells (5 Â 10 5 ) were incubated with 10 Ag/mL (predetermined) gahROR1 pAb or gahCD5 pAb. After two washes, the cells were incubated with a 1:50 dilution (predetermined) of affinity-purified Fc-specific mouse anti-goat IgG conjugated to Cy5 (Jackson ImmunoResearch Laboratories). In addition, the cells were labeled with CD5-FITC/CD19-PE (samples stained for ROR1) or CD19-PE (samples stained for CD5) to enable gating of B-CLL cells. The peak channel fluorescence values were used to estimate the number of ROR1 or CD5 molecules on the B-CLL cell surface through their antibody binding capacity (ABC) as described below. The four bead populations in the Quantum Simply Cellular Microbeads kit were separately incubated with a predetermined saturating amount of the same secondary antibody mentioned above. The four bead populations, by virtue of having a defined number of goat anti-mouse IgG molecules on their surfaces, allowed determination of the number of secondary antibody molecules bound. Blank beads were included as instrument control. The cells and the beads were labeled at the same time and run on the same flow cytometer with the same instrument settings. A calibration curve was constructed by plotting MFI versus ABC of the beads. Using QuickCal software (Bangs Laboratories), this calibration curve then allowed the calculation of the ABC of ROR1 and CD5 on B-CLL cells.
Internalization. B-CLL cells (2 Â 10 6 ) were incubated with gahROR1 pAb for 1 h on ice. After washing thrice with ice-cold PBS containing 2% (v/v) fetal bovine serum (flow cytometry buffer) to remove unbound antibody, the cells were resuspended in flow cytometry buffer and either left on ice or incubated at 37jC for various periods of time to facilitate internalization of bound antibody. In addition, the cells were incubated at 37jC in the presence of 3 Amol/L (predetermined) phenylarsine oxide (Sigma-Aldrich; ref. 25) or 0.09% (w/v) sodium azide to inhibit internalization of cell surface proteins. Subsequently, the cells were washed and incubated with donkey antigoat-PE conjugate for 1 h on ice. After final three washes with flow cytometry buffer, the density of ROR1 on the cell surface was determined by MFI.
B-cell activation. Activation of B cells from B-CLL patients and healthy donors was carried out in vitro by incubating 5 Â 10 6 cells with 1 Ag/mL recombinant human CD40 Ligand/TNFSF5, amino acids 108 to 261 (R&D Systems), and 500 units/mL recombinant human interleukin 4 (R&D Systems) for various periods of time (26) . Control cultures were set up in parallel without the activation agents. The cells were harvested at different time points, stained for surface molecules of interest (CD80, CD83, CD86, CD54, CD58, ROR1, and ROR2), and analyzed by flow cytometry.
Cell surface biotinylation and Western blotting. Cell surface proteins from B-CLL PBMC (consisting of >95% B cells) were isolated using the Pinpoint Cell Surface Protein Isolation kit (Pierce) following the manufacturer's protocol. Purified B cells from a healthy donor, which were positively selected using CD19 beads (Miltenyi Biotech), were used as negative control. Approximately 3 Â 10 7 cells were washed in ice-cold PBS. The cell pellet was resuspended in 30 mL of freshly prepared Sulfo-NHS-SS-Biotin solution and incubated at 4jC for 30 min with intermittent mixing. The reaction was terminated by the addition of 1.5 mL of Quenching Solution, and the cells were washed twice with TBS [25 mmol/L Tris-HCl (pH 7.2) and 150 mmol/L NaCl]. The cell pellet was resuspended in 1.5 mL of Lysis Buffer containing protease inhibitors, sonicated, incubated on ice for 30 min, and centrifuged at 10,000Â g for 2 min at 4jC. The clarified supernatant containing the solubilized proteins was incubated with immobilized NeutrAvidin Gel for 1 h at room temperature by end-over-end mixing. Unbound proteins were removed by three washes with TBS containing protease inhibitors. Biotinylated proteins bound to the gel were eluted by incubation with SDS-PAGE Sample Buffer containing 50 mmol/L DTT for 1 h at room temperature and subsequent centrifugation at 1,000 Â g for 2 min. The eluted proteins were separated by electrophoresis in a NuPAGE Bis-Tris 4% to 12% gel (Invitrogen) and transferred to Hybond-ECL nitrocellulose membranes (GE Healthcare). The membranes were incubated overnight at 4jC with 20 mL of 1Â Western Blocking Reagent (Roche Applied Science) in PBS, followed by 1 h incubation with 200 ng/mL gahROR1 pAb in a rocker at room temperature. The membranes were washed thrice with 0.5% (v/v) Tween 20 in PBS and subsequently incubated with a 1:10,000 dilution of donkey anti-goat-horseradish peroxidase (HRP) conjugate (Jackson ImmunoResearch Laboratories) for 1 h at room temperature. After three washes, the membranes were developed using SuperSignal West Pico Chemiluminescent Substrate, exposed to CL-XPosure Film (Pierce), and processed in an automated developer.
Western blotting of lysates. Total cell lysate from B-CLL cells was prepared in lysis buffer [10 mmol/L Tris-HCl (pH 8.0), 130 mmol/L NaCl, 1% (v/v) Triton X-100, 5 mmol/L EDTA, and protease inhibitor cocktail (Pierce)]. After five washes, the cell pellets were resuspended in lysis buffer at 10 7 cells/mL and incubated on ice for 1 h. The lysate was cleared by centrifugation at 20,000 Â g and 4jC for 30 min, and the protein concentration was determined with the BCA Protein Assay kit (Pierce). B-CLL cell lysates (5 Ag total protein per lane) and normal human tissue lysates (20 Ag total protein per lane) purchased from ProSci were run on a NuPAGE Bis-Tris 4% to 12% gel under reducing condition. Western blotting was carried out with gahROR1 pAb and donkey anti-goat-HRP conjugate as described above, except that TBS containing 0.1% (v/v) Tween 20 was used instead of PBS in all steps. To confirm the overall protein loading of each tissue sample, duplicate membranes were probed with 200 ng/mL rabbit anti-human glyceraldehyde 3-phosphate dehydrogenase pAb (Imgenex) followed by donkey anti-rabbit-HRP conjugate (Jackson ImmunoResearch Laboratories) as described above.
Detection of soluble ROR1. A sandwich ELISA was used to detect the presence of soluble ROR1 protein in human sera. A 96-well half area plate (Costar 3690) was coated with 25 AL/well of 2 Ag/mL rat antihuman ROR1 mAb (R&D Systems) overnight at 4jC. After several washes with distilled water, the wells were blocked with 200 AL 3% (w/v) bovine serum albumin in PBS for 2 h at 37jC. To generate a standard curve, a recombinant fusion protein consisting of the extracellular region of human ROR1 (amino acids 24-403) fused to the COOH terminus of the Fc fragment of human IgG1 (Fc-ROR1) was cloned into mammalian expression vector pCEP4 (Invitrogen), expressed in transiently transfected HEK 293F cells, and purified by Protein A affinity chromatography as described (27) . Two-fold serial dilutions of Fc-ROR1 were made in duplicate from 500 to 7.8 ng/mL. Sera from healthy donors and B-CLL patients were added to duplicate wells (25 AL/well), and the plate was incubated for 2 h at 37jC. After several washes with wash buffer [0.05% (v/v) Tween 20 and 1% (w/v) bovine serum albumin in PBS], the wells were incubated with 25 AL/ well of 2 Ag/mL gahROR1 pAb for 2 h at 37jC. The plate was washed several times with wash buffer and distilled water, and incubated with 25 AL/well of a 1:2,000 dilution of donkey anti-goat-HRP conjugate for 1 h at 37jC. After 10 to 15 washes, 25 AL/well of freshly prepared substrate solution [2,2 ¶-azino-bis(3-ethylbenzthiazoline)-6-sulfonic acid; Roche Applied Science] was added, incubated for 10 min, and the absorbance was measured at 405 nm with a wavelength correction set at 490 nm using a VersaMax microplate reader (Molecular Devices). The data were analyzed using SoftMax Pro software (Molecular Devices).
Results
ROR1 mRNA expression in B-CLL. We first used gene expression profiling to confirm and extend the previously published ROR1 mRNA expression in B-CLL (10, 11) . A cohort of 107 B-CLL patient samples was analyzed for ROR1 versus ZAP-70 mRNA expression using Lymphochip DNA microarrays as described (5) . ROR1 mRNA was highly expressed in all B-CLL samples regardless of ZAP-70 mRNA expression and IgV H mutational status (Fig. 1A) . ROR2 mRNA expression was not detected in any of the samples tested (data not shown). To confirm the integrity of B-CLL -derived ROR1 mRNA, we amplified the entire 2.8-kb coding sequence by RT-PCR as a series of overlapping ROR1 cDNA encoding fragments and verified them by DNA sequencing (n = 2). Confirming the restricted ROR1 mRNA expression in B-CLL ( Fig. 1A; refs. 10, 11 ), mRNA derived from healthy donor PBMC did not yield any RT-PCR products, indicating the absence of full-length or differentially spliced ROR1 mRNAs (data not shown).
We next analyzed the B-CLL ROR1 mRNA for the only validated single nucleotide polymorphism that results in an amino acid sequence polymorphism (rs7527017). 6 The single nucleotide polymorphism is a C or T at mRNA position 1928, resulting in an ACG (threonine) or ATG (methionine) codon at amino acid position 518 within the intracellular tyrosine kinase domain of ROR1 (T518M polymorphism). In the normal population (n = 317), across ethnicities, an allele frequency of 73.6% ACG and 26.4% ATG, and a genotype frequency of 57.4% ACG/ACG, 35.0% ACG/ATG, and 7.6% ATG/ATG was found. We analyzed B-CLL ROR1 mRNA from 15 patients by RT-PCR amplification and subsequent DNA sequencing of a ROR1 cDNA fragment that encompassed the single nucleotide polymorphism of interest. As shown in Fig. 1B , DNA sequencing allowed us to detect the presence of either a uniform allele sequence (homozygous ACG or ATG) or an even mixture of two allele sequences (heterozygous ACG/ATG). Out of 15 B-CLL patients, 9 revealed a homozygous allele expression with ACG found in 8 patients (53%) and ATG found in 1 patient (7%). The remaining six patients (40%) were heterozygous, expressing an ACG/ATG allele mixture. This distribution accurately matched the genotype frequency reported in the normal population (see above). Moreover, there was no correlation of ROR1 T518M polymorphism and IgV H mutational status (data not shown), suggesting that the ROR1 T518M polymorphism does not associate with prognostically distinct B-CLL subtypes.
Restricted and uniform expression of ROR1 protein on the surface of B-CLL cells. To analyze the cell surface expression of ROR1 protein by flow cytometry, we first validated the selective binding of commercially available gahROR1 pAb to HEK 293F cells transiently transfected with a mammalian expression vector that contained the full-length cDNA of human ROR1 under control of a cytomegalovirus promoter. Normal goat immunoglobulin and gahROR2 pAb were used as controls. Whereas untransfected HEK 293F cells revealed weak staining with both gahROR1 pAb and gahROR2 pAb, HEK 293F/ROR1 cells showed strongly enhanced staining for ROR1 but not ROR2 (data not shown).
We next analyzed PBMC prepared from 32 untreated B-CLL patients for ROR1 protein expression on the surface of B-CLL cells. Consistent with the gene expression profiling studies, gahROR1 pAb detected ROR1 protein on the surface of B-CLL cells (CD5 + CD19 + ), but not on normal B cells (CD5 -CD19 + ), T cells (CD5  + CD19 -), or CD5 -CD19 -PBMC from B-CLL patients ( Fig. 2A) . Normal goat immunoglobulin and gahROR2 pAb served as specificity controls and did not bind to B-CLL cells as expected ( Fig. 2A) . In addition, PBMC and CD61 + platelets from healthy donors were negative for cell surface ROR1 (data not shown).
To independently confirm the cell surface expression of ROR1 and to show ROR1 protein integrity, we used a combination of cell surface biotinylation and Western blotting. Whole PBMC from a B-CLL patient were first treated with a biotinylation reagent. After cell lysis, the biotinylated cell surface proteins were isolated with NeutrAvidin and separated by SDS-PAGE. Subsequent Western blotting with gahROR1 pAb and donkey anti-goat-HRP conjugate detected a single band with a molecular mass of f120 kDa (Fig. 2B) . The same band was found for HEK 293F/ROR1 transfectants (data not shown) and COS/ROR1 transfectants (12) . Western blotting with gahROR2 pAb followed by the same secondary antibodies did not yield a band (data not shown), confirming the absence of B-CLL cell surface ROR2. ROR1 protein was not detected in B cells enriched from healthy donor PBMC, revealing once more the restricted expression of ROR1 protein in B-CLL cells (Fig. 2B) .
To investigate whether B-CLL cell surface ROR1 can mediate antibody internalization, B-CLL cells were incubated with gahROR1 pAb, washed, and either left on ice or incubated at 37jC for various periods of time. Subsequent staining with donkey anti-goat-PE conjugate showed reduction of ROR1 on the cell surface only in samples incubated at 37jC after as early as 1 h (Fig. 2C) . The reduction of cell surface ROR1 was completely blocked by the addition of endocytosis inhibitors phenylarsine oxide (Fig. 2C ) and sodium azide (data not shown). These results indicate that cell surface ROR1 can mediate at least partial internalization of bound antibody by endocytosis.
The restricted expression of ROR1 protein on the surface of B-CLL cells was confirmed in all patients tested, including 15
with IgV H mutated and 13 with IgV H unmutated status (Fig. 3A) . Despite biological and clinical heterogeneity as well as wide range of lymphocyte counts in these patients, the level of ROR1 cell surface expression was within a relatively narrow range, three to five times above background. As shown above for ROR1 mRNA, there was no significant difference in ROR1 protein expression between IgV H mutated and IgV H unmutated status (Fig. 3A) . Although the level of ROR1 protein expression varied between the B-CLL patients, all B-CLL cells in a given patient expressed strikingly uniform levels as indicated by very narrow histogram profiles (Fig. 2A) . This uniformity was also found among B-CLL cells obtained from different anatomic Research.
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Next, we were interested in determining whether ROR1 protein expression was associated with the transformation process of human B cells. Purified B cells from healthy donors were negative for cell surface ROR1 (Fig. 3C) . EBV-transformed B lymphoblastoid cell lines established in vitro from normal B cells of healthy donors and B-CLL patients were negative for both ROR1 protein (Fig. 3C) and RORI mRNA (data not shown) expression. Thus, EBV transformation did not induce ROR1 protein or RORI mRNA expression. In addition, two previously described EBV-transformed B-CLL cell lines, which were reported to express the same monoclonal IgV H as the malignant B cells (23, 24) , did not express ROR1 protein (Fig. 3C) or RORI mRNA (data not shown).
To quantify the expression of B-CLL cell surface ROR1 in terms of ABC, we used polyclonal antibodies and calibration beads (see Materials and Methods). Samples from B-CLL patients with high and low cell surface ROR1 levels (Fig. 3A) were included in this analysis, and staining for cell surface CD5 was used as a reference. Based on a standard curve obtained with the calibration beads, the ABC of B-CLL cell surface ROR1 was calculated to be in the range of 10 3 to 10 4 molecules per cell (2,773-7,090 molecules per cell; Table 1 ). Using corresponding polyclonal antibodies, the ABC of B-CLL cell surface CD5 was calculated to be three to five times higher (7, ,002 molecules per cell). Validating our quantitative analysis, the ABC of B-CLL cell surface CD5 was found to be in close agreement with a recent study that was based on mAb and a larger cohort of B-CLL patients (28) .
Constitutive expression of ROR1 protein on the surface of B-CLL cells. Although ROR1 protein was not detected in normal B cells and EBV-transformed B lymphoblastoid cell lines, it remained possible that B-cell activation may induce ROR1 protein expression in normal B cells. In addition, activation of B-CLL cells might up-or down-regulate ROR1 protein expression on their cell surface. We first analyzed the expression of cell surface ROR1 on normal B cells and B-CLL cells in the absence of any B-cell activation >5 days in culture. ROR1 protein expression by B-CLL cells was remarkably stable during this period, whereas normal B cells remained negative (Fig. 4) . Activation of B cells with soluble CD40L plus interleukin 4 induced up-regulation of a number of costimulatory molecules such as CD80, CD83, CD86, CD54, and CD58 in both B-CLL cells and normal B cells (Fig. 4 and data not shown). However, this activation failed to induce ROR1 protein expression in normal B cells or alter ROR1 protein expression in B-CLL cells (Fig. 4) . Furthermore, despite variation in the levels of CD80 expression after activation of B-CLL cells from different patients, there was no significant change in ROR1 protein expression (data not shown).
ROR1 protein expression in normal adult tissues. For the development of targeted therapeutics, it was important to know whether ROR1 protein is expressed on the surface of normal and IgV H -unmutated (n = 13) B-CLL patients were stained for ROR1and ROR2 as described in Fig. 2 . DMFI, the MFI of gahROR1or gahROR2 pAb minus the MFI obtained with normal goat immunoglobulin. Each data point depicts the MFI of an individual B-CLL sample obtained with gahROR1pAb or gahROR2 pAb minus the MFI obtained with normal goat immunoglobulin. B, paired samples of blood, lymph node, and bone marrow were obtained from 4 B-CLL patients, and the MFIs were determined as before. C, normal B cells from six healthy donors (left) and two EBV-transformed B lymphoblastoid cell lines established from healthy donors as well as 6 EBV-transformed B lymphoblastoid cell lines established from B-CLL patients (EBV-LCL ; right) were analyzed as before. The latter included the two previously reported EBV-transformed B-CLL cell lines EHEB and 232-B4 (23, 24) . Horizontal lines, arithmetic mean values. (Fig. 5) . A f120-kDa band that specifies cell surface ROR1 as revealed by cell surface biotinylation (Fig. 2B ) was prominent in B-CLL PBMC. This band was absent in the majority of normal adult tissues even with four times higher protein loading (Fig. 5 ). However, it remains possible that cell surface ROR1 is expressed at very low levels in testis, uterus, lung, bladder, and colon as indicated by faint bands in the range of 100 to 150 kDa (Fig. 5) . A higher molecular weight band was detected in adipose tissue, whereas lower molecular weight bands, including a prominent f50-kDa band, were detected in B-CLL PBMC and most of the normal adult tissues (Fig. 5) . It is possible that the f50-kDa band originates from a splice variant of ROR1 that was recently discovered in silico (Genbank locus NM_001083592). This splice variant does not encode a cell surface protein. Fittingly, the f50-kDa band was not detected by cell surface biotinylation (Fig. 2B) . Detection of soluble ROR1 protein.
The presence of soluble ROR1 protein in circulation could compromise the efficacy of targeted therapeutics. To address this possibility, we developed a sandwich ELISA to detect the presence of soluble ROR1 protein in the serum of B-CLL patients as well as healthy donors. For this, soluble ROR1 protein was first captured with a rat anti-human ROR1 mAb and then detected with gahROR1 pAb followed by donkey anti-goat-HRP conjugate. Using a recombinant human Fc-ROR1 fusion protein for standardization, this sandwich ELISA enabled us to detect and quantify soluble ROR1 in human sera at concentrations as low as 10 ng/mL with a linear range from 25 to 250 ng/mL. Fourteen of eighteen (>75%) serum samples from untreated B-CLL patients did not contain detectable levels of soluble ROR1 protein. The remaining four sera showed low levels of soluble ROR1 in a concentration range of 37 to 191 ng/mL. No correlation was found between the concentration of soluble ROR1 protein and lymphocyte counts or IgV H mutational status (data not shown). Moreover, we also detected similar low levels (23-169 ng/mL) of soluble ROR1 protein in 3 of 17 healthy donor sera. The source of these low levels of soluble ROR1 protein in <25% of B-CLL patients and in a similar fraction of healthy donors is uncertain.
Discussion
Restricted, uniform, and constitutive cell surface expression are key features of antigens targeted by mAb therapy (7, 29) . Thus, our study provides an incentive to develop human, humanized, or chimeric mAb to ROR1 for B-CLL therapy. Other mAb currently used for B-CLL therapy are rituximab, which targets CD20, and alemtuzumab, which targets CD52 (8) . Although these mAb have fewer side effects than standard chemotherapy, which is an important consideration for the Research.
on January 6, 2018. © 2008 American Association for Cancer clincancerres.aacrjournals.org Downloaded from largely older B-CLL patient population, they also target normal CD20 + B cells and CD52 + B cells, T cells, natural killer cells, and monocytes, respectively. Due to the ubiquitous expression of CD52 on lymphocytes and monocytes, alemtuzumab significantly suppresses the immune system, often leading to reactivation of latent viruses and opportunistic infections (7) . By contrast, therapeutic mAb to ROR1 could facilitate B-CLLspecific targeting with fewer side effects. We determined that the ABC of B-CLL cell surface ROR1 among different patients is in the range of 10 3 to 10 4 molecules per cell. Notably, ROR1 protein expression on B-CLL cells within any given patient was strikingly homogenous and also uniform among B-CLL cells from different anatomic niches. By comparison, the ABC of B-CLL cell surface CD5 and CD20, albeit more heterogeneous, were found to be in the 1 to 2 Â 10 4 molecules per cell range (28, 30) . The relatively lower cell surface density of ROR1 protein may limit antibody-mediated immune effector functions, including complement-dependent cytotoxicity and antibody-dependent cellular cytotoxicity. However, the restricted expression of ROR1 protein on B-CLL cells clearly distinguishes ROR1 from CD20 and CD52, and may allow specific mAb targeting and enhanced effector functions through conjugated radioisotopes (31), chemotherapeutic agents (32), or bacterial toxins (33) . In fact, our finding that cell surface ROR1 can mediate antibody internalization makes the selective delivery of such cytotoxic agents through ROR1 targeting particularly appealing.
A concern for mAb therapy is the presence of soluble antigen that is shed or secreted from cells and potentially reduces the number of mAb molecules available for cell surface targeting. We did not detect soluble ROR1 protein in >75% of sera from B-CLL patients. Even the low concentrations (<200 ng/mL) of soluble ROR1 protein we found in <25% of sera from B-CLL patients are unlikely to interfere with mAb therapy, considering that mAb therapy usually operates with mAb serum concentrations in the Ag/mL range. For example, in clinical trials leading to the approval of alemtuzumab for B-CLL therapy, the mAb was given i.v. at a dose of thrice 30 mg per week for 12 weeks (34, 35) . In contrast to soluble ROR1, soluble CD52 was detected in sera from B-CLL patients at concentrations (1-200 Ag/mL) high enough to interfere with the binding of alemtuzumab to B-CLL cells in vitro (36) . Furthermore, unlike soluble ROR1, soluble CD52 and also soluble CD23 are considerably elevated in sera from B-CLL patients when compared with healthy donor sera and correlate with biological and clinical characteristics (36) .
The restricted, uniform, and constitutive cell surface expression of ROR1 in B-CLL, together with a systematic siRNA screen from which ROR1 emerged as inhibitor of apoptosis in the human cervical cancer cell line HeLa (21), suggest a functional role for ROR1 protein in the survival of B-CLL cells. Future studies will address whether mAb that target ROR1 protein can directly interfere with B-CLL cell survival. Two mAb approved by the Food and Drug Administration that not only bind but antagonize receptor tyrosine kinases are trastuzumab, which binds to ERBB2, and cetuximab, which binds to epidermal growth factor receptor (37, 38) . Taken together, our findings warrant ROR1 to be an attractive target for B-CLL therapy. by Western blotting using gahROR1 pAb followed by donkey anti-goat-HRP conjugate. Arrows, f120-kDa band that specifies cell surface ROR1 (Fig. 2B) . Rabbit anti-human glyceraldehyde-3-phosphate dehydrogenase pAb followed by donkey anti-rabbit-HRP conjugate were used as positive control (bottom). Normal adult tissues: Brn, brain; Brt, breast; Tes, testis; Ova, ovary; Ute, uterus; Pro, prostate; Lyn, lymph node; Int, small intestine; Hrt, heart; Liv, liver; Lun, lung; Kid, kidney; Pan, pancreas; Adi, adipose; Skn, skin; Spl, spleen; Adr, adrenal gland; Amy, amygdala; Pit, pituitary gland; Pla, placenta; Bla, bladder; Ton, tonsil; Sto, stomach; Col, colon; Rec, rectum; Mus, skeletal muscle; Spn, spinal cord; Eye, eye. 
